T

Poa -~

BELLCOMM, INC.

COVER SHEET FOR TECHNICAL. MEMORANDUM

TTLE—- Analytical Evaluation of Launch Strategy ™- 68-2014-3
Using Past Countdown Hold Data

FILING CASE Nos)—~ 310 paTe-April 11, 1968

AUTHOR(S) - |y, B, Gevarter

FILING SUBJECT(S)~ Reliability, Countdown, Launch, Statistics
.. _(ASSIGNED BY AUTH/ ™" . R. (evapter

ABSTRACT

PCH CENTERS ONLY )
Using combinatorial analysis and past countdown data in

the form of cumulative probabilities of total hold time in given
countdown intervals, equations have been derived evaluating the
probability of successful launch as a function of launch strategy.
From these equations, the following conclusions can be drawn:

1. If the probability of a launch-on-time without built-
in-holds (B.I.H's) is small, substantial improvement
can be obtained by using a combination of B.I.H's as
late in the countdown as possible, and a launch window.

There is little advantage in having a B.I.H. length
exceeding the maximum value of total hold time found
statistically for launches in the preceeding portion
of the countdown, when unscheduled hold times greater
than a certain maximum lead to a recycling (scrub) of
the entire countdown.

Similarly, there is little advantage in employing a
launch window greater than the peak value of the
total hold time found statistically for the entire
launch countdown.

4, There is little to be gained in employing a continuous
launch window rather than two window panes, unless the
window exceeds several hours.

As an illustration, applying Saturn I and IB countdown
hold statistics to Saturn V L.0O.R Missions we obtain:
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Abstract (contd.)

P(Launch-on-time without B.I.H's) = 0.13

For a combination of two hours of B.I.H at T = 22
minutes and a two hour launch window, and allowing for one
recycle during the, final 22 minutes of countdown, the proba-
bility of a successful launch was found to be:

P(L)

0.68 with a continuous launch window

P(L)

0.65 with two window panes.




BELLCOMM, INC.

II.

III.

Iv.

VI.

VII.

TABLE OF CONTENTS

ANALYTICAL EVALUATION OF LAUNCH STRATEGY
USING POST COUNTDOWN HOLD DATA

ABSTRACT
TABLE OF CONTENTS
LIST OF FIGURES

INTRODUCTION
THE UNSCHEDULED TOTAL HOLD TIME DISTRIBUTION

PROBABILITY OF LAUNCH WITHIN A GIVEN CONTINUOUS
LAUNCH WINDOW OF LENGTH, L.W.

A. No B.I.H.'s Or Recycling
B. Recycling But No B.I.H.'s

C. B.I.H. At Tb But No Recycling Required

D. B.I.H. At T = Tc And Recycling

P(L) FOR A GIVEN LAUNCH WINDOW CONSISTING OF TWO
PANES (OF NEGLIGIBLE WIDTH) L.W. APART

A, No B.I.H.'s Or Recycling
B. Recycling But No B.I.H.'s
C. B.I.H. At T = T, But No Recycling Required

b
D. B.I.H. At T TC And Recycling

OTHER LAUNCH STRATEGIES
APPLICATION TO SATURN L.O.R. MISSION
SUMMARY AND CONCLUSIONS

REFERENCES
FIGURES

APPENDIX A - DERIVATION OF THE EFFECT OF RECYCLING ON

THE PROBABILITY DISTRIBUTION FOR TOTAL
HOLD TIMES

APPENDIX B - DERIVATION OF THE NEW PROBABILITY DIS-

TRIBUTION FOR TOTAL HOLD TIMES AFTER A
BUILT-IN-~HOLD

APPENDIX C - SEPARATION OF HOLD STATISTICS INTO P(NO

SCRUB) AND THE CUMULATIVE TOTAL HOLD

TIME PROBABILITY DISTRIBUTION FOR LAUNCHES

Page No.

N U&= W

© 0 o=

10
11



BELLCOMM, INC.

Figure

Figure

Figure

Figure

Figure

LIST OF FIGURES

Distributions of Total Unscheduled Hold Times,
Saturn I and IB, Launches Only

Distributions of Interval Total Unscheduled Hold
Times with a B.I.H. at T = 22 Minutes, Launches
Only

Distribution of Total Unscheduled Hold Time With
and Without Recycling in the Countdown Interval
0 to 22 minutes.

Probability of a Saturn V L.0O.R. Launch for Con-
tinuous Launch Windows, Using Saturn I and IB
Statistics and Allowing for One Recycle (Equation 9)

Probability of Saturn V L.0.R. Launch for Two Launch
Window Panes, L.W. Apart, Using Saturn I and IB Sta-
tistics and Allowing for One Recycle (Equation 13)



BELLCOMM, INC.

1100 Seventeenth Street, N.W. Washington, U.C. 20036

suBlEcT: Analytical Evaluation of Launch DATE: April 11, 1968
Strategy Using Past Countdown
Hold Data FRoM: W. B. Gevarter

TM-68-2014-3

TECHNICAL MEMORANDUM

I. INTRODUCTION

This memorandum indicates how countdown data from past
launches can be used to predict the probability of a successful
launch, P(L), as a function of a chosen launch strategy. By
launch strategy, we mean a particular arrangement of built-in-
holds, launch window lengths, or window panes, and recycle re-
quirements. The approach used in this memorandum is
combinatorial analysis utilizing total hold time statistics
from past launches. This approach is straightforward and very
flexible,

Various authors have attacked this and related prob-
lems using a variety of methods. I have found it convenient to
group these methods as follows:

1. Micromodeling of Event Successes, Failures, and

Repairs, in the Order of the Countdown Schedule of
Events

This approach usually employs the traditional exponen-
tial failure rates utilized in standard reliability
analyses. The success of equipments and events in the
countdown are treated individually in the order of
their occurrence. Examples of this approach are
References 1, 2, 3, U4, and 5.

2. Macromodeling of Event Successes, Failures and
Repairs

These treat the entire countdown as a single unit, but
the same methods are appliled as in Group 1. Examples
are References 6 and 7.

3. Macromodeling, Using Given Event Success Statistics

In this approach, statistics on the success of all or
portions of the countdown are utilized, instead of
failure and repair rates, for the purpose of predicting
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the probability of launch for a given launch strategy.
Examples of this are References 8, 9, and 10.

4, Probability of Success for Independent Trials

In addition to the probability of launch of a glven
vehicle, several authors have considered the proba-
bility of success of independent parallel events,
such as multiple launchings. Examples of this are
References 11, 12, and 13.

The approach used in this memorandum belongs with
those in Group 3. The distinguishing feature is the handling
of the statistical data (so as to facilitate the computations)
and the particular launch strategies chosen for consideration.

II. THE UNSCHEDULED TOTAL HOLD TIME DISTRIBUTION

The key to efficient utilization of past data in pre-
dicting P(L) is to put the data in the most appropriate form.
Reference 14 and most of the other references break the data up
into occurrence of holds and individual hold times. For our
purposes, 1t appears that the most expeditious way to order the
data is by the total hold time in a countdown time interval.

Let:

jas)
1

4 total unscheduled hold time (for a given
launch) present in the time interval
a<T<bD

where

-3
"

4 countdown script time¥* in minutes before
launch

Then the cumulative probability distribution of aHb is given by

F oy (h) = P(H < h) (1)
ab

*¥Script time is the scheduled time, not considering holds,
for the occurance of countdown events.
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Using the data of Reference 14, Figure 1 presents this distri-
bution (for launches¥*) for several time intervals for Saturn I

and IB vehicles. The data satisfies reasonably well the con-
straint

oF

oo '~
~h 3F . (x) oot (h'-x)

F oy (h) = 0 22 T dh'dx (2)
oty aX X
T 0o

required for statistical independence of holds in the two
intervals 0 to 22 minutes and 22 to TT minutes.
ITIT. PROBABILITY OF LAUNCH WITHIN A GIVEN CONTINUOUS LAUNCH

WINDOW OF LENGTH, L.W,.

In this and the next section we will derive the prob-
ability of launch for several launch strategies. Certain
assumptions of 1ndependence of events will be apparent from the
combinatorial analysis indicated. For simplicity we will consi-
der secondary failures during a hold to be negligible. This
latter assumption is warranted based on the data of Reference 14.

A. No B.I.H.'s or Recycling

For this simple case of no built-in holds (B.I.H.'s)

P(L)

P{total unscheduled hold time < launch window!

F 4 (L.W.) (3)

0 TT

¥Appendix C indicates how the statistics can be separated
into those for launches and scrubs.
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where

-3
]

T total countdown time (for the launch countdown)

L.W. launch window width

B. Recycling but No B.I.H.'s

Certain launch vehicles (for reasons such as cryo-
genic or equipment limitations) require recycling if during
the terminal portion of the countdown a hold exceeding a few
minutes occurs (e.g. see Reference 15). For these cases, if
a hold occurs at a countdown script time of Th during the

terminal period, the extra time required by the recycle acts
to further reduce the launch window remaining after the holds
earlier in the countdown have been subtracted from it. Thus,
if recycling to TC i1s required for unscheduled holds at T<TC,

then (considering only one recycle):

. : )
P(L) = P [TCHT < L.W. and OHTC = o]

’
\.

& T
or [T Hp < L.W. and O< Hp <|L.W. - o Hp -hr)
T c ¢ T
i ()
r —
and TH, = o]?
C
= R (L.W.) F ., (0)
T HT OhT
c T c
L.W,.
r
+ {AFOHT (L.w.-h—hr)}fT HT‘(h)dh FOHT (0)
_0 C c T ¢
where
h = time lost due to recycling. (5)

.
n TC—Th
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f(h) = = F(h) (6)

=
oy
1}

hold distribution during
0T the terminal period after
recycling has occurred.

=g
eS|
—
jny
~
>

o g (h) =F ; (0), if h>0
01, ot 0T (7)

i
i 0, otherwise.

C. B.I.H. at T = Tb but No Recycling Required

If we have a B.I.H. at T = 7T it acts like a launch

b,
window by absorbing holds occurring earlier in the countdown.
However, it differs from a launch window in that the vehicle
must wait thru any of the B.I.H. time, hb, remaining before

continuing the countdown.

In addition to absorbing holds earlier in the count-
down, B.I.H.'s act as an umbrella during which incipient prob-
lems that would cause holds later 1in the countdown can be cor-
rected. Thus, a B.I.H. may also serve to reduce the probability
of holds later in the countdown. This reduction 1is attributed
to the possible correction of discrepancies not in the critical
path that are apparent at T, , but for which ordinarily no hold
would be called until later in the cocuntdown. The normal delay
in the calling of the hold for this type of discrepancy is due
to the following factors:

1. Holds should be called as late in the count-
down as possible, so that more than one dis-
crepancy can be attended to in the same hold.

2. Critical path discrepancies might incur a hold
during which the latent discrepancy might be
repaired without a separate hold.

3. The discrepancy might correct itself.

Based on the preceding discussion, the P(L) for the
case of a B.I.H. at T = Tb’ of duration hb’ is given by

b

P(L) =P { H, < h_and [H, < L.W.]
[Tb I'n b 0T,




BELLCOMM, INC. - 6 -

H. <|h + L.W.| and .H. <{L.W. + h -_H ]
- —\ b 0T, —( 7T, TT] }

= F (h,) "F (L.W.)
H b H
Tb TT 0 Tb (8)
hb + L.W
+ fT HT (h) FOHT (L.W. + hb—h)dh
_hy b T b

where bF H (h) is the hold time distribution for the count-

0 Tb

down interval 0 to Tb’ as modified by the effects of the B.I.H.

D. B.I.H. at T = TC and Recyecling

Similarly (following the arguments in Sections B and C)
for a B.1.H. at T = TC, and the requirement that for holds

at T<T we recycle to T = TC (allowing only one recycle), we
have:

s . b _
P(L) = P [T Hp <(L.W. + h ) and Hy = o]
e T c
or O H < h and 0< 2H_ <|L.W.-n )
i Pr <Py oty iRy
c 7T C
- r —!
and (Hpn = 0] (9)
CI
or  [n < g Hy <[L.W. + b | oand 0< Hp o<
T ' c
_Ow\
(L.w. + hy-h —o Hy ) and gHpn = 0
c T c i
- F o, (L. + h) °F . (0)
™ 7T o7

c T c



+F 4 (hy) {AbF g (L.W.-h )J g (0)

T T 0T 0T

¢ ~T c ¢

L.W.+h
J v r
+/ f (h) |AF (L.W. + h,-h_-h)|dh "F (0)
J p Hp { offr el offp
hb ¢c T c c

Iv. P(L) FOR A GIVEN LAUNCH WINDOW CONSISTING OF TWO PANES
(OF NEGLIGIBLE WIDTH) L.W. APART

To save software, training, analysis, and launch
system complexity, it is often advantageous to limit launches
to several points within the launch window rather than to plan
for a continuous launch window. The simplest and most extreme
version of this 1is to have a small launch pane at the begin-
ning and end of the launch window. It is this extreme that we
will consider here.

A. No B.I.H.'s or Recycling

For this case, we plan to nominally launch at the
first pane, so that i1f a hold occurs we proceed to T = 0 and
hold until the second pane occurs. Therefore, 1f we miss the
first pane, this 1s equivalent to having a B. I H. at T = 0 of

length = L.W. Thus
('
P(L) PtOHTT < L.W.

F q (L.W.)
T

0T
the same results as Equation (3).

i

(10)

B. Recycling but No B.I.H.'s

If recycling to TC is required for holds at T<Tc,

only one recycle being allowed, the launch strategy 1s that
if holds occur at T>T,, we hold at T, until it 1is time to try

for the second window pane. For this case
s

HE. 1
P(L) = P'| H, =0and H, =0
LT Ty Shi J

or | 0<p Hp <(L.W.) and gHT = O?
c T c ’
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0T

- (L.w. - Ty o= 0]
or [T HT 0 and 0< H i\L.w. hr) and AH 0
c c c

T TT 0 TC TC FT o
T
+ F (0) AF (L.W.=h_) 'F (0)
T H,Pr OHT r OHT
C T r o
where
BF 1 (h) 4 the hold time distribution in the inter-
0 TC val 0 to Tc after waiting for the second
pane

C. B.I.H. at T = Tb but No Recycling Required

This is similar to a continuous launch window with
a B.I.H. except for the modification considered in Case A.
Thus from Equation (8):

b
ofip = L.W.]

| P(L) = P [ H, < h,_ and
{ Ty T b b

or  [ny < g <lny + o) ana guy <{now +ony -
bl b
H ]}
| T, )
= F s
() ()
b ' b
hy+L.W.
M.+ b -
" £ oy, (W) F gy (L. + by -man (12)
h, b T b

D. B.I.H. at T = Tc and Recycling

For a B.I.H. at T = Tc’ the recycle point, we hold
at T = TC until time for the first or second pane. If the
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first pane is avallable and unscheduled holds after T = T
occur, we recycle to T = Tc and hold for the second pane. Thus,

P(L) = P r[T Hp < h and BHT = o]
1 ¢ T c
or [h < H. <ln + L.W ) and BH. = o]
b * T "t i N oty
¢ T c
or  [pHp <hy and 0 < OBy <[L.W.-h]
c T c r
o _ a1\
and OHT O]’
C e
= F b
H, (h. ) °PF (0)
T, Tp D OHTc
+ AF o (b + L) Bp g (0)
T, T 0°T,
+F (h. ) APF (L.W. -h )'F (0) (13)
p Hp =D oflp T T ToHp
¢ T c c
where
pdF o (hb + L.W.,) = F H (L.W. + hy) - (14)
T o I
c T i ¢ T
)
\ FT B, () L.W.>0
c T
0 L.W.<0

It will be observed that due to the assumption of
no secondary fallures, that the results with panes are the same
as for a continuous window, except for cases involving recycling.

V. OTHER LAUNCH STRATEGIES

The combinatorial analysis approach of Sections III
and IV can be extended in a straight forward manner to include
other launch strategies, consisting of any combination of
B.I.H.'s, launch window widths, and number of panes.
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VI. APPLICATION TO SATURN V L.0O.R. MISSION

We will illustrate the use of the formulas by
applying them to Saturn V L.O.R. countdowns. For the pur-
poses of this example we will use the simple linear approxi-
mations to the countdown hold statistics from Saturn I and
IB launches given in Figure 1. TIdeally, it would be worth-
while to modify the hold statistics to account for the dif-
ferences in vehicle complexities and the points in the count-
down at which comparable events occur. However, the general
trends of the hold statistics for various vehicles, studiled
in Reference 14, were sufficiently similar, that it appears
reasonable for a first approximation to apply these statis-
tics without modifications, except those resulting from B.I.H.s
and recycling.

Appendices A and B provide a simple, first-order
method for modifying the hold statistics to account for the
effect of B.I.H.'s and recycling.

Using this approach, and assumed values for the
parameters of

kr = .5
1]
kb = .7
Tb = TC = 22 mins.
h = 20 mins.
r

the total hecld statistics, based on a linearization of Saturn I
and IB statistics, have been plotted in Figures 2 and 3 in a
form suitable for the estimation.

Reference (15) indicates that the closest to launch
that an extended built-in-hold can be incorpocrated in the
Saturn V is at a countdown time of 22 minutes before launch.
If a hold longer than a few minutes occurs in the remaining
portion of the countdown, then, because of cryogenic problems,
the vehicle must recycle to T = 22 minutes. Thus a countdown
time of 22 minutes has been chosen as the recycle point, and the
time for the B.I.H. in our example.

Using Equations (9) and (Cl), and the statistics of
Figures 2 and 3, a plot of the P(L) for Saturn V for a continu-
ous launch window, as a function of the length of built-in-holds
at Tb = 22 minutes, is given in Figure 4. Similarly, using

Equation (13), the P(L) plot shown in Figure 5 is obtained for
the case of a discontinuous launch window consisting of two
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small window panes a time interval L.W. apart. From the
figures we observe that substantial improvements in P(L)
result from incorporating a built-in-hold and launch window
of about two hours duration for each. Also, when the hold
time statistics for launches and scrubs are well separated,
as in our example, there appears to be little advantage in
having a bullt-in-hold exceeding the peak value of the total
hold time (for no scrub) found statistically in the preced-
ing portion of the countdown. Similarly, there appears to be
little advantage in having a launch window greater than the
peak value of the no scrub total hold time found statistical-
ly for the entire countdown. Comparing Figures 4 and 5, the
indication 1is that there is little to be gained in employing
a continuous launch window rather than two window panes unless
the launch window exceeds several hours.

For a combination of two hours of B.I.H. at Tb =

22 minutes and a two hour launch window, Figures 4 and 5 indi-
cate that:

0.68 with a continuous window
0.65 with two window panes

av)

7~

-
ol

versus the value of

P(L)=0.13 for launch-on-time and no B.I.H.'s.

VII. SUMMARY AND CONCLUSIONS

Using combinatorial analysis and past countdown
data in the form of cumulative probabilities of total hold
time in given countdown intervals, equations have been derived
evaluating the probability of successful launch as a function
of launch strategy. From these equations, the followlng con-
clusions, can be drawn:

EQ\ If the probability of a launch-on-time with-
out B.I.H's 1s small, substantial improve-
ment can be obtained by using a combination
of B.I.H.'s as late in the countdown as pos-
sible, and a launch window.

2. There 1is little advantage in having a B.I.H.
length exceeding the maximum value of the total
hold time found statistlically for launches in
the preceeding portion of the countdown, when
unscheduled hold times greater than a certailn
maximum lead to a recycling (scrub) of the entire
countdown,
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3. Similarly, there is little advantage in employing
a launch window greater than the peak value of
the total hold time found statistically for the
entire launch countdown.

4, There is little to be gained in employing a con-
tinuous launch window rather than two window panes
unless the launch window exceeds several hours.

Applying Saturn I and IB countdown hold statistics to
Saturn V L.O.R. Missions we obtain:

P(Launch-on-time without B.I.H.'s) = 0.13
For a combination of two hours of B.I.H. at T = 22
minutes and a two hour launch window, and allowing for one re-

cycle during the final 22 minutes of countdown:

P(L) 0.68 with a continuous launch window

P(L)

1

0.65 with two window panes

Note that the small difference between a continuous
window and panes is due in large measure to the assumption
that there are no secondary failures during holds. However,
as indicated by Ref. 1U4, this appears to be a reasonable
assumption. The small rate of secondary failures that one
could expect would serve to somewhat decrease the effective-
ness of panes relative to a continuocus window. It would also
serve to somewhat reduce, from the values given 1in this
memorandum, the P(L) as the launch window length or B.I.H.
time 1s increased.

n/ l,},{’). (‘/‘,t\;'t\.m.‘
2014-WBG~bjh W. B. Gevarter

Attachments
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BELLCOMM, INC.

APPENDIX A

Derivation of the Effect of Recycling on the Probability
Distribution for Total Holds Times

Reference 16 indicates that the Thor-Delta Vehicle
recycles to T-8 if'a extended hold occurs during the last 8
minutes of countdown. The data of Reference 16 tends to in-
dicate that there was a reducticn in the expected hold rate
during the final 8 minutes of countdown (after a recycle) to
about 1/2 of the expected hold rate before recycling. This
might be attributed to the discovery and correction of dis-
crepancies during the first try.

To account for this effect, we might modify F(h) so
that the probability of exceeding a total hold time of length
h after recycling is only kr that of the probability before

recycling. Thus
r _ [ _ r
P(H>h) = kP P(H>h) = kr{l—F(h) = 1-"F(h) (A1)
Solving Equation (Al) yields:

[krF(h) + o 1-k, if > 0
Pe(n) =: (A2)
1\0 if < 0
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APPENDIX B

Derivation of the New Probability Distribution
for Total Hold Times After a Built-In-Hold

There has been some viewpoints that indicate that not
only will a B.I.H. of length hb at countdown time, Tb’ absorb

all the total hold time of length’hb or less occurring earlier

in the countdown, but it will also reduce the probability of
holds later in the countdown. That 1s, such a hold has an
umbrella effect during which potential and latent problems are
corrected.

To account for this effect, we might modify F(h) so
that the probability,of exceeding a total hold time of length
h in the remaining countdown, is only kb that of the probability

without a B.I.H. Thus

®p(H>h)

ka(H>h)

kb[l—F(h)] = 1-F(n) (B1)

Solving Equation (Bl) yields:

{(li-x. ) + k. F(n) if > 0
Or(n) = ;( b) b (82)
\bo if < O

To accommodate the effect of the length of the built-
in-hold, we could use as a first approximation:

= - - 1
k, = 1-m (1 kb) (B3)
where: W
{hb-E(h) by ~E(h)
| - for 0 < - <1
max max >
mo A <
b 2
‘ h,-E(h)
l 1 for > 1
"~ h _)
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Appendix B (contd)

and hmax is the maximum value of h for which no scrubs were

called. Observe that we have subtracted off the E(h), as the

effect of this amount of hold has already been naturally in-
cluded 1in the statistics.
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APPENDIX C

Separation of Hold Statistics into P(No Scrub) and the
Cumulative Totfal Hold Time Probability Distribution for Launches

For some vehicles, either repairs can be made within
a few hours, or the repair times are so long that a recycling
(scrub) of the entire launch countdown is required. For these
cases where the hold times for launches and scrubs are well
separated, the accompanying sketch indicates a typical cumula-
five total hold time probability distribution in a countdown

interval.
N t
_ P(Scrub)
in interval
F(h) T K i
o~ ) | !
e ﬁ ’ P(No Scrub) ‘
in interval
(& % —_— R S N
0 h ’
max B¢ urnaround h

for launches

From the sketch it is obvious that for h < hturnaround,

we can represent the distribution in the factored form.

F(h) = P(No Scrub) FL(h) (C1)

where FL(h) = cumulative total hold time probability distribu-
tion, in the interval, for launches.



